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\S 2. –
$x$ , $A(x)$ . ,
, – – . ,
$u(x, t)$ . , Navier-Stokes
, , .
$A \frac{\partial\rho}{\partial T}+\frac{\partial}{\partial x}(\rho uA)=0$ , (1)
$\frac{Du}{Dt}=-\frac{1}{\rho}\frac{\partial p}{\partial x}+\frac{1}{\rho}(\eta+\frac{4}{3}\zeta)\frac{\partial^{2}u}{\partial x^{2}}$ (2)
$\frac{Dp}{Dl}+\gamma\frac{p}{A}\frac{\partial(uA)}{\partial x}=\frac{\kappa}{c_{v}}\frac{\partial^{2}}{\partial x^{2}}(\frac{p}{\rho})+(\gamma-1)(\eta+\frac{4}{3}\zeta)(\frac{\partial u}{\partial x})^{2}$ , (3)
$\frac{D}{Dt}:=\frac{\partial}{\partial t}+u\frac{\partial}{\partial x}$
, $\rho$ , $p$ , $\eta$ $\zeta$ – , $\kappa$
, $\gamma:=c_{p}/c_{v}$ (Cp: , $c_{v}$ : ) ( $\eta,$ $\zeta,$ $\kappa,$ $\gamma,$ $C_{v}$
). .
(1) $-(3)$ . $t$ $x$ ,
$\omega$ $k_{0}$ (k , $x=0$ ,
) . , , ( bar
) ( ) :
$t^{*}=\omega t,$ $x^{*}=k_{0}x$ ,
$\overline{u}^{*}=\frac{\overline{u}}{c_{0}}$ , $\overline{\rho}^{*}=\frac{\overline{\rho}}{\rho_{0}},\overline{p}^{*}=\frac{\overline{p}}{\gamma p_{0}}$ , $A^{*}(x^{*})= \frac{A(x)}{A_{0}}$ ,
$\frac{u}{c_{0}}=\overline{u}^{*}(X^{*})+u$
.
$*$ , $\frac{\rho}{\overline{\rho}}=1+\rho^{*}$ , $\frac{p}{\overline{p}}=1+p^{*}$ . (4)














. (6) , $\overline{p}/p_{0}=(\overline{\rho}/\rho 0)^{\gamma}$
. ,
$\frac{A}{A_{chok}}=\frac{1}{\hat{U}}[\frac{2}{(\gamma+1)-(\gamma-1)\hat{U}^{2}}]^{\frac{1}{\gamma-1}}$ , $( \hat{U}:=\frac{\overline{u}}{u_{chk}\circ}.)$ (7)
. , $A_{\text{ }h_{ok}}$ $u_{\text{ }hk}O$ choking ( , )
.
, ( ) , 3
$\frac{\partial\rho}{\partial t}+\overline{u}\frac{\partial\rho}{\partial x}+\frac{\partial u}{\partial x}=-\frac{\partial(\rho u)}{\partial x}-u\frac{d}{dx}\log(\overline{\rho}A)$ , (8)
$[ \frac{\partial^{2}}{\partial t^{2}}+2\overline{u}\frac{\partial^{2}}{\partial t\partial x}+(\overline{u}-2\overline{c}^{2})\frac{\partial^{2}}{\partial x^{2}}]u=-(\frac{\partial}{\partial t}+\overline{u}\frac{\partial}{\partial x})R_{1}$
$- \frac{\overline{c}^{2}}{\gamma}\frac{\partial R_{2}}{\partial x}-\overline{u}\frac{d\overline{u}}{dx}\frac{\partial u}{\partial x}+\frac{1}{\gamma}(\overline{c}^{2}\frac{d\overline{u}}{dx}-\overline{u}\frac{d\overline{c}^{2}}{dx}\mathrm{I}\frac{\partial p}{\partial x}$ (9)
. ,
$R_{1}=u( \frac{\partial u}{\partial x}+\frac{d\overline{u}}{dx})+\frac{p-\rho}{\overline{\rho}}\frac{d\overline{p}}{dx}-\frac{\overline{c}^{2}}{\gamma}\rho\frac{\partial p}{\partial x}-\frac{\omega}{\rho_{0}c_{0}^{2}}(\eta+\frac{4}{3}\zeta)\frac{1}{\rho}\frac{\partial^{2}u}{\partial x^{2}}$ ,
$R_{2}=u( \frac{\partial p}{\partial x}+\frac{1}{\overline{\rho}}\frac{d\overline{p}}{dx}+\frac{\gamma}{\mathrm{A}}\frac{dA}{dx})+\gamma p\frac{\partial u}{\partial x}+\frac{p}{\overline{p}}(\overline{u}\frac{d\overline{p}}{dx}+\gamma\frac{\overline{p}}{A}\frac{d}{dx}(\overline{u}A))$
$- \frac{\omega}{\rho\text{ }B}\frac{\kappa}{c_{v}}\frac{1}{\overline{\rho}}(\frac{\partial^{2}p}{\partial x^{2}}-\frac{\partial^{2}\rho}{\partial x^{2}})$ .
, $x$ , $z$
.
$z= \int_{\text{ }^{}x}\frac{dx}{\overline{u}+\overline{c}}$ , ( $\text{ }$ $\text{ }$ $\frac{\partial}{\partial x}=\frac{1}{\overline{u}+\overline{c}}\frac{\partial}{\partial z}$ ). (10)
, ‘ ’ ,
( ) .
\S 3. – Burgers
, (method of multiple scales) . ,
$t_{n}:=M^{n}t,$ $z_{n}:=M^{n}z,$ $(n=0,1,2, \ldots)$ (11)
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. , $M:=\hat{u}/C0$ (\^u ) Mach ,
, $M<<1$ . ,
$u=Mu_{1}+M^{2}u_{2}+O(M^{3}),$ $\ldots..$ ,
$\frac{\partial}{\partial t}=\frac{\partial}{\partial t_{0}}+M\frac{\partial}{\partial t_{1}}+O(M^{2}),$
$\ldots.$ .
(12)
. (9) . , $z_{1}$
.
$O(M)$ :
$L[u_{1}]:=( \frac{}\partial}{\partial t_{\text{ }}+\frac{}\partial}{\partial z_{\text{ }})(\frac{\partial}{\partial t_{0}}+\frac{\overline{u}-\overline{c}}{\overline{u}+\overline{c}}\frac{}\partial}{\partial z_{\text{ }}\mathrm{I}u_{1}=0$ (13)
. ,
$u_{1}=f(t_{0}-Z\text{ };t1’ z1’ t2’ Z_{2})$ (14)
( ). , $\rho_{1}=f/\overline{c};p1=\gamma f/\overline{c}$ .
$O(M^{2})$ :
$L[u_{2}]=-2[ \frac{\partial^{2}}{\partial t_{0}\partial t_{1}}+\frac{2\overline{u}}{\overline{u}+\overline{c}}(\frac{\partial^{2}}{\partial t_{0}\partial Z_{1}}+\frac{\partial^{2}}{\partial t_{1}\partial z_{0}})+\frac{\overline{u}-\overline{c}}{\overline{u}+\overline{c}}\frac{\partial^{2}}{\partial_{Z_{0}\partial Z_{1}}}]u_{1}$
$- \frac{1}{\overline{u}+\overline{c}}(\frac{}\partial}{\partial t_{\text{ }}+\frac{\overline{u}}{\overline{u}+\overline{c}}\frac{\partial}{\partial z_{0}})[u_{1}(\frac{}\partial u_{1}}{\partial z_{\text{ }}+\frac{d\overline{u}}{dz_{1}})+\frac{p_{1}-\rho_{1}}{\overline{\rho}}\frac{d\overline{p}}{dz_{1}}-\frac{\overline{c}^{2}}{\gamma}\rho 1^{\frac{}\partial p_{1}}{\partial z_{\text{ }}}$
$- \frac{1}{\overline{u}+\overline{c}}\frac{\omega}{\rho_{\text{ }C_{\text{ }}}u}(\eta+\frac{4}{3}\zeta)\frac{1}{\overline{\rho}}\frac{\partial^{2}u_{1}}{\partial z_{\text{ }^{}2}}]+\frac{\overline{c}^{2}}{\gamma}\frac{1}{(\overline{u}+\overline{c})^{2}}\frac{\partial}{\partial z_{0}}[u_{1}$
$+ \frac{\gamma}{A}\frac{dA}{dz_{1}})+\gamma_{1}p_{1^{\frac{}\partial u_{1}}{\partial z_{\text{ }}+}}\frac{1}{\overline{u}+\overline{c}}\frac{\omega}{\rho_{\text{ }0\text{ }}cu}\frac{\kappa}{c_{v}}\frac{\partial^{2}}{\partial z_{\text{ }^{}2}}(p1^{-}\rho_{1})]+\frac{1}{(\overline{u}+\overline{c})^{2}}[(\overline{u}-\overline{c})\frac{d\overline{c}}{dz_{1}}$
$- \overline{C}\frac{d\overline{u}}{dz_{1}}]\frac{}\partial u_{1}}{\partial z_{\text{ }}+\frac{c\triangleleft}{\gamma(\overline{u}+\overline{c})}\frac{d}{dz_{1}}(\frac{\overline{u}}{\overline{c}^{2}})\frac{\partial p_{1}}{\partial z_{0}}$ .
(15)
2 u2 , (15)
. $\partial u_{1}/\partial t_{0=-}\partial u_{1}/\partial z\text{ }’ p_{1}=\gamma u_{1}/\overline{c},$ $p_{1}=u_{1}/\overline{c}$ ,
$\frac{\partial u_{1}}{\partial t_{1}}+\frac{\partial u_{1}}{\partial z_{1}}+\frac{\gamma+1}{2(\overline{u}+\overline{c})}u_{1^{\frac{}\partial u_{1}}{\partial z_{\text{ }}+\frac{1}{2(1+\overline{M})}}}$
$+ \frac{d}{dz_{1}}\log(\overline{\rho}_{\overline{C}\overline{A}})\rfloor u1=\frac{1}{2\overline{\rho}(\overline{u}+\overline{c})^{2}}\frac{}\omega\delta}{c_{\text{ ^{}u}\text{ }}\frac{\partial^{2}u_{1}}{\partial z_{\text{ }^{}2}}$ (16)
. , Mach $\overline{M}:=\overline{u}/\overline{c}$ , $\delta$ ,
$\delta:=\frac{}\eta}{\rho_{\text{ }}(\frac{4}{3}+\frac{\zeta}{\eta}+\frac{\gamma-1}{c_{p}}\frac{\kappa}{\eta})$
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,$\tau=t_{0}-z_{\text{ }}$ , $\tau_{1}=t_{1}-z_{1}$ , $z_{1}=z_{1}$ (17)
h\searrow
$u_{1}=\psi(_{Z}1)U(_{\mathcal{T}}, \tau_{1} , z_{1})$ (18)
, (16)
$\frac{\partial U}{\partial z_{1}}-\frac{(\gamma+1)\psi}{2(\overline{u}+\overline{c})}‘ U\frac{\partial U}{\partial\tau}=\frac{1}{2\overline{\rho}(\overline{u}+\overline{c})^{2}}\frac{}\omega\delta}{c\text{ ^{}u}\text{ }\frac{\partial^{2}U}{\partial,\tau^{2}}$ (19)
. , $\psi$ .
$\frac{1}{\psi}\frac{d\psi}{dz_{1}}+\frac{1}{2(1+\overline{M})}[\overline{M}\frac{d}{dz_{1}}\log\overline{M}+\frac{d}{dz_{1}}\log(\overline{\rho}\overline{C}\overline{A})]=0$ . (20)




, (19) “ – Burgers
$\frac{\partial U}{\partial\sigma}-U\frac{\partial U}{\partial\tau}=\frac{F(\sigma)}{Re}\frac{\partial^{2}U}{\partial\tau^{2}}$ (22)
. , $Re$ $\mathrm{R}\mathrm{e}\mathrm{y}\mathrm{n}\circ 1\mathrm{d}_{\mathrm{S}}$ ,
$Re:= \frac{(\gamma+1)c_{0}u0}{\omega\delta},$ $( \delta=\frac{\eta}{\rho 0}\{\frac{4}{3}+\frac{\zeta}{\eta}\dotplus_{\frac{\kappa(\gamma-1)}{\eta c_{p}}}\}\mathrm{I},$ (23)
,
$F( \sigma):=\frac{\psi^{-1}}{\overline{\rho}(\overline{u}+\overline{c})}$ . (24)
– Burgers (22) ( $.x$ )
. ,
$A= \frac{M_{0}}{\overline{M}}[\frac{2+(\gamma-1)\overline{M}^{2}}{2+(\gamma-1)M^{2}0}]^{\frac{?+1}{2(\gamma-1)}}\cdot$, $(M\text{ }--\overline{\frac{u_{0}}{c_{0}}})$ (25)
, $\overline{M}=\overline{M}(x)$ . , –M
.
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$U= \frac{u_{1}}{\psi}$ , $\tau=t-z$ ; (26)
(27)
$z= \frac{1}{\sqrt{}2+(\gamma-1)ll}}I_{0}^{x}\frac{\sqrt 2+(\gamma-1)\overline{M}2}{1+\overline{M}}dX$. (28)
,
(29)
$\sigma=\frac{\gamma+1}{2}\kappa M\int_{0}x1\overline{\frac{}M}{M_{\text{ }}}\frac{1+\frac{\gamma-1}{2}\overline{M}^{2}}{(1+\overline{M})^{3}}dX$ ,
$( \kappa=\frac{1+M_{0}}{1+\frac{\gamma-1}{2}M_{0}^{2}})$ . 30)
, . , $\overline{u}arrow 0(M_{\text{ }}arrow$





$U=M\sqrt{A}u$ , $\tau=t-x$ , $A=A(z_{1})$ $(z_{1}=Mx)$ ,
$\sigma=.\frac{\gamma+1}{2}M\int_{0}^{x}\frac{1}{\sqrt{A}}dx$ . (32)
, (22)
– Burgers . ,
– Burgers .
, (32) – .
, (26), (28) $(x)$
, . , $\psi^{-1}$
$\sigma$ ( ).




, ( ) ,
.
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\S 5. ( )
,
. $x$ , $A=\exp(\alpha \mathrm{x})$
. , $\alpha$ $x$ , $\alpha$
$x$ . , $\overline{M}$
.
$\alpha x=\cdot\log\frac{M_{\text{ }}{\overline{M}}}[\frac{2+(\gamma-1)\overline{M}^{2}}{2+(\gamma-1)M_{0}}]^{\frac{\gamma+1}{2(\gamma-1)}}.$ , (33)
$. \alpha z=\lambda\log[\frac{\sqrt{\gamma-1}+\sqrt{2+(\gamma-1)\overline{M}^{2}}}{\sqrt{\gamma-1}M_{0}+\sqrt{2+(\gamma-1)M^{2}\text{ }}$
$\cross(\frac{M_{0}(\sqrt{2}+\sqrt{2+(\gamma-1)\overline{M}^{2}})}{\overline{M}(\sqrt{2}+\sqrt{2+(\gamma-1)M^{2}\text{ }})})^{\sqrt{\frac{\gamma-1}{2}}}]$ ,
$\lambda=[\frac{\gamma-1}{2}(1+\frac{\gamma-1}{2}M^{2})0]-\frac{1}{2}$ . (34)
$F( \sigma)=\frac{1}{1+M_{0}}\sqrt{\frac{M_{0}}{\overline{M}}}[\frac{2+(\gamma-1)\overline{M}^{2}}{2+(\gamma-1)M_{\cap}^{2}}]^{\frac{\gamma+1}{2(\gamma-1)}}$ . (35)
(36)
, $\psi=\psi(\overline{M})$ (27) .
1 , $\psi$ $\alpha x$ . $\psi$ ,





2 , $\alpha z$ $\alpha x$ . , $z=x$ , ,
$c_{0}(=\mathrm{c}\mathrm{o}\mathrm{n}\mathrm{S}\mathrm{t})$ ( 1).
, $\tau=t-z$ , $(dx/dz>1)$ ,
c , $(dx/dz<1)$ .
, M .
3 $F=F(\sigma)$ . $F(\sigma)$ ,
– , $F(\sigma)=1$ , , $F(\sigma)=\sqrt{A}$
. , $( M_{0}<1)$ ,




4 , $2\alpha\sigma/(\gamma+1)M$ $\alpha x$ .
, Reynolds , $\sigma=1$
. , ,
, .
, , . , M





$\frac{d(\alpha X)}{d\overline{M}}=\frac{2(\overline{M}^{2}-1)}{\overline{M}[2+(\gamma-1)\overline{M}^{2}]}$ . (37)
, . , $\alpha>0,$ $M_{\text{ }}>1$ , Mach
$x$ ( ). , $\alpha>0$ , $M\text{ }<1$ , Mach $x$
. – , $\alpha<0,$ $M_{0}>1$ , Mach $x$
, $\alpha<0,$ $M_{0<1}$ , Mach $x$ . ,
, .
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$\eta)$
$\alpha \mathrm{X}$
1
$\alpha \mathrm{Z}$
$\alpha \mathrm{X}$
2
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$\mathrm{F}(\mathrm{O})$
$\frac{2\alpha 0}{(\gamma_{+}1)\mathrm{M}}$
3
$\alpha \mathrm{X}$
4
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